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The soft-collinear effective theory has been recently applied to prove novel factorization theorems for 
many B decay processes. We describe here in some detail the factorization relation for color-supressed 
nonleptonic B — > D^*^°tt° decays and update the phenomenological analysis of these decays. 



1 Factorization and SCET 

The application of factorization to exclusive 
processes has been around now for 25 years 
(see 1 for a review of the early literature). 
These factorization theorems have been tra- 
ditionally proved using diagrammatic meth- 
ods in perturbation theory. Apart from being 
rather involved technically, this approach has 
met with very limited success beyond leading 
order in the 1/Q expansion, where power sup- 
pressed terms generally give rise to divergent 
convolution integrals. 

Recently an alternative approach to fac- 
torization in exclusive processes has been pro- 
posed, based on the soft-collinear effective 
theory (SCET) 2 . This greatly simplifies the 
proof of factorization theorems and allows a 
systematic treatment of power corrections. 

The SCET is constructed as a system- 
atic expansion in A = A/Q <C 1, where Q 
is a large scale specific to the problem, such 
as Q 2 = —q 2 in the electromagnetic 7r form 
factor at a space-like momentum transfer, 
or Q mt in the heavy quark decay, and 
A - 500 MeV is the QCD scale. This is 
achieved by identifying the relevant energy 
scales and the corresponding degrees of free- 
dom. The Lagrangian and operators of SCET 
(such as currents) are organized in a series in 
A as £ = £(°) +£«+•••, etc. 

The exclusive processes considered here 
receive contributions from 3 well-separated 
scales Q 2 ^> AQ » A 2 . This requires the in- 
troduction of a sequence of effective theories 




Figure 1. B — » Dn topologies: T, C, and E. Only C 
and E contribute to color suppressed decays. 



QCD -► SCETi -> SCET„, which contain 
degrees of freedom of successively lower vir- 
tually. The intermediate theory SCETt con- 
tains hard-collinear quarks and gluons with 
virtuality ~ AQ and ultrasoft partons 
with virtuality A 2 . The final theory SCET n 
includes only soft and collinear modes with 
virtuality p 2 ~ A 2 . 

Using the SCET many new factorization 
theorems were derived (see e.g. 3 for other re- 
cent applications). I will describe in this talk 
a factorization theorem for exclusive color- 
suppressed B° — ► D°tt° decays 5 . 

2 Factorization in color-suppressed 

B — > Dn decays 

The B — > Dir decays are mediated by the 
weak Hamiltonian 

H w = ^V ch V: d [Cx{cb){du) + C 2 {c i b j )(d j u i )] , 

which can contribute through the flavor con- 
tractions shown in Fig. 1. Denoting the am- 
plitudes as A + _ = A(B° -> -D+7T"), A - = 
A(B- -> D°n-), and A 00 - A(B° -> D°n ), 
one has the decomposition into graphical and 
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isospin amplitudes 



A+_ = T + E 



C = V3A 3/2 , 



A 



1/2 



(1) 



C ~ E /2 1 , 

Am = ~7T = V 3 M/2 7! 1/2 ' 

The color-allowed amplitudes A^ and 

Ao- arc described by a factorization theorem 
6 < 7 ' 8 , proven with SCET in 9 

AW=JV« / dxTW(x,/i)0 7r (x) + ... 

Jo 

where £(ii?o) is the Isgur-Wise function at 
maximum recoil, 4>ir( x ) is the light-cone dis- 
tribution function for the pion, T = l+0(a s ) 
is the hard scattering kernel, and iVW = 
^ycbV* d E^f^^/rn^Pm^(l + m B /m DM ). 
The ellipses in Eq. (2) denote terms sup- 
pressed by A/Q where Q = {mb, m C) E v }. 
The predictions from Eq. (2) are in good ex- 
perimental agreement with data on color al- 
lowed decays. 

Large iV c QCD gives an alternative justi- 
fication for factorization in color allowed de- 
cays. Possible tests for the underlying fac- 
torization mechanism use decays into multi- 
body states B — > D^nir 13 , isospin analyses 
of such decays 15 ' 16 and decays into hadrons 
with exotic quantum numbers 14 . 

The color-suppressed amplitude Aqq gets 
contributions from C and E, but not T. 
Large N c predicts C/T ~ E/T ~ 1/N C 
(counting C\ ~ 1 and C 2 ~ 1/AT C ). Writing 
the isospin relation among amplitudes as 

3 A 00 



Ri = l- 



(2) 



where Ri = A 1/2 / (V2A 3/2 ) = \Rj\e iSl , the 
suppression of C, E is measured by the devi- 
ation of Rj from 1 in the complex plane 10 . 
We show in Table I the present experimen- 
tal situation for B — ► D^ir decays, together 
with the corresponding results for Rj. 

SCET gives a quantitative description of 
the color suppressed amplitude, expressed as 




Figure 2. Diagrams in SCETj for tree level match- 
ing. !g> denotes the operator Qv' 8 ' and the dots are 



insertions of C 



(l) 



The solid lines and double solid 



lines carry momenta p M ~ A and form the B and D. 
The dashed lines are energetic collinear quarks that 
form the light meson M . 



a factorization theorem for Aqq. The main 
observation is that in SCETt these decays 
are mediated by only one type of operators 5 
H W - T(Qf> B \0),iC$(x),iC$(v)). By 
power counting it follows that these decays 
are power suppressed by A/Q, with Q = 
{m c , 77i6, E„}. This T-product contributes at 
tree level as shown in Fig. 2. 

When matched onto SCETn the time- 
ordered product gives a product of soft oi°' 8 ^ 
and collinear O c operators, where the soft op- 
erators are 

0<?Hh$S)fiP L (£*/#>) (dS) kt fiP L (S^u) kt , 

and Os is identical with color structure 
T a ®T a . In addition there are operators en- 
coding long-distance contributions in SCETn 
coming from the region of momentum space 
in Fig. 2 with a hard gluon (p 2 g ~ QA), but 
an on-shell quark propagator (p 2 . ~ A 2 ). 

Heavy quark symmetry relates the B — > 



D and B — > D* matrix elements of O 



(0,8) 



(D^\0^\B) = Jm B m$S^\kt,ktm 

The complete factorization theorem for color 
suppressed decays can now be written as 5 



A^ )M =N M ldxdzdktT^ R (z) 



+ rp{i) 



(4) 



xJ^(z,x,k+)S^(k+,k+) <l> M (x)+A^ ) g M . 

with TQjt hard scattering kernels and 
iVrf = ^V cb V:j M ^m B m DM . The non- 
perturbative dynamics is encoded in 4>m, the 
light-cone distribution function of the light 
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Decay 


Br(10~ 3 ) 




Decay 


Br(10- 3 ) 


(l^/U/) 


B° -» D+tt- 

B~ -> L»°7r- 
50 ^0^0 


2.76 ±0.25 
4.98 ± 0.29 
0.260 ±0.022 


0.70 ±0.07 
28.1° ±3.3° 


B° -> D*+7r- 

5° -» D* 7T° 


2.76 ±0.21 
4.6 ±0.4 
0.27 ±0.05 


0.76 ±0.07 
31.9° ±4.5° 



Table 1. Experimental data on B — > DM-7T and the corresponding results for the ratio of isospin amplitudes 
iij = J 4i/2/(v / 2A 3/ /2) = |-R/|e 1,5/ . The data is taken from [12], except for D°7r° which is the average of [11]. 
We use t(B+)/t(B°) = 1.086 ± 0.017 [12]. 



meson M, and two soft functions for the B — > 
£>(*) transition 5 (0 ' 8) (fc+) with fc+ the light 
spectator momenta. The jet function jW ap- 
pears in the matching SCET^ — ► SCET n and 
contains the effects from scales p 2 c ~ E W A. 
There is a further simplification for M an 
isovector meson such as ir, p, for which the 
amplitude Ai ong vanishes from G invariance. 

We discuss next several important impli- 
cations of this factorization theorem. The 
soft functions S^ ' 8 ^ are complex, encoding 
final state interactions arising from the soft 
Wilson line along n in the definition of the 
soft operators. This is a source of nonpertur- 
bative final state interaction effects, similar 
to those producing single spin asymmetries 21 
in semi-inclusive DIS. 

Second, since heavy quark symmetry re- 
lates the soft functions in B — > D^*\ one pre- 
dicts a relation between these decays 

5 I (D*n)=5 I (D7r)+0(a s (Q),^), (5) 

<' = ^ + OK(Q)^). 

We emphasize that heavy quark symmetry 
alone would not have been sufficient to make 
this prediction, which requires soft-collinear 
factorization as a crucial ingredient. The cur- 
rent experimental data (see Table I) is in 
good agreement with Eq. (5). 

Additional predictions are possible by ex- 
panding the jet functions in perturbation the- 
ory and working at leading order in a s (p,c) 
with p,Q — AQ. The convolution integral over 
x can now be performed exactly which gives 

aD<*>M 
^00 



^V cb V* d U ^m B m D (6) 



x(C 1 + ^) 



C2 47rCi?a s (/z, 



C, 



4>m(x) 



with (arV = / efc^p, and s cS = -«(°) + 
C 2 /[N C C F {C 1 + C 2 /Nc)] with S W{n) = 
- J dk^dkt-j-^ S'( ' 8 )(fct, M ). Corrections 

to Eq. (6) are 6{a s {p c ), A/Q) ~ 30%. The 
strong phase Arg(A o/A_ ) comes from s e s 
and is thus independent on the light me- 
son. This predicts the universality of the 
strong phase <j> = Arg(A oA4o-) for D^n 
and D^p. The data in the Table I gives 

Seff = ISeffle** With (IScffU) = (429 ± 

18MeV,±(38° ± 12°)) at p c = 2.31 MeV 
where a s (p, c ) = 0.25, d = 1.15, C* 2 = 
-0.362. We used here |V c6 | = 41.9 x 10~ 3 . 

Finally, the relation (6) gives the leading 
deviation from 1 of the ratios of decays into 
charged pions 



->£>M _ MB° ^ D+M- 



= 1 - 



A(B~ -> D°M~) 
16na s (iJ,c)m D {x'^m 



(7) 



9(m B + m D )E M £(w ) 



"Seff • 



Predictions for color-suppressed decays us- 
ing other methods have been discussed in 
Refs. 20 . 

3 Conclusions 

This talk described the application of SCET 
to derive a new factorization relation for color 
suppressed decays B — > D^tt. The result 
is different from the usual naive factoriza- 
tion Ansatz for color suppressed amplitudes 
22 and depends on a new nonperturbative 
function describing the B — > D transition. 
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Similar factorization relations were de- 
rived for other B decays into charm: non- 
leptonic baryon decays A& — > S c 7r 23 , decays 
into orbitally excited states B° -> L>**°7r° 24 , 
and decays into isosinglet states with an 

Nonleptonic B decays to heavy-light 
states with charm have a rich phenomenol- 
ogy, and the factorization theorem (4) can be 
expected to be an useful tool to organize and 
explore the implications of this data for the 
nonpcrturbative structure of the heavy quark 
systems. 
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